Accurate chromosome segregation is dependent on the centromere-specific histone H3 isoform known generally as CenH3, or as Cse4 in budding yeast.
INTRODUCTION
The budding yeast centromere is minimally defined by 125 basepairs of DNA sequence (FITZGERALD-HAYES et al. 1982; HIETER et al. 1985) which serves as the site of kinetochore assembly and microtubule attachment. Three sequence elements, termed CDE I, CDE II and CDE III have been characterized at the centromere . CDE I is a transcription factor binding site that improves chromosome stability, but is not essential for function (BRAM and KORNBERG 1987) . In contrast, CDE II, an AT-rich region (GAUDET and FITZGERALD-HAYES 1987) and CDEIII, the specific recognition sequence for the Centromere Binding Factor (CBF3) protein complex, are both essential for centromere function (MCGREW et al. 1986 ). Therefore, budding yeast, unlike most other eukaryotes, has a centromere dependent on a short, specific DNA sequence.
In addition to these sequence elements, a fully functional budding yeast centromere is also characterized by the surrounding, specialized chromatin structure. Although budding yeast do not have many of the hallmarks of centromeric heterochromatin found in other eukaryotes (MORRIS and MOAZED 2007) , the CDE I, CDE II and CDE III sequence elements are flanked by 2 kilobases of a highly phased array of nucleosomes, which provide the proper chromatin context for chromosome segregation (BLOOM and CARBON 1982) .
Proper centromere function is also dependent on the core histones, as mutations in histone H2A (PINTO and WINSTON 2000) , histone H2B (MARUYAMA et al. 2006) and histone H4 (SMITH et al. 1996) decrease fidelity in chromosome segregation and disrupt centromere function. Most importantly, chromatin at centromeres is also characterized by the incorporation of a histone H3 variant, termed Cse4 in yeast and CENP-A in mammals, into nucleosomes (MELUH et al. 1998) . This histone variant is essential for centromere function (MELUH et al. 1998; STOLER et al. 1995) and is specifically localized to centromeres in all eukaryotes (BLOOM 2007) . Together, these observations illustrate the central role of chromatin in centromere biology.
The conserved histone chaperone complexes Chromatin Assembly Factor 1 (CAF-1) and Histone Regulator (HIR) mediate replication-dependent and replication-independent histone H3/H4 deposition, respectively (GREEN et al. 2005 ; KAUFMAN et al. 1997; RAY-GALLET et al. 2002; SMITH and STILLMAN 1989; TAGAMI et al. 2004) . In mammalian cells, these complexes deposit distinct histone H3 isoforms (TAGAMI et al. 2004 ), but in budding yeast, which express a single noncentromeric H3 isoform (besides Cse4), biological roles for these histone chaperones are significantly overlapping. For example, the growth and chromatin-mediated gene silencing defects in cells lacking both CAF-1 and HIR subunits are significantly more pronounced than those in either single mutant (KAUFMAN et al. 1998) . CAF-1 and the HIR complex also make largely overlapping contributions to kinetochore function. CAF-1 and HIR both localize to kinetochores, and cells lacking subunits of both complexes (cac1Δ hir1Δ double mutants) display increased rates of chromosome loss and nondisjunction, and have disordered nucleosomal ladders flanking the centromere (SHARP et al. 2002) . Although Cse4 localizes to centromeres in cac1Δ hir1Δ cells, it is also found at extra-centromeric loci (SHARP et al. 2002) . Therefore, the normal localization of Cse4 is altered when both replication-dependent andindependent chromatin assembly factors are simultaneously disrupted.
Multiple mechanisms contribute to the specific localization of CenH3 to centromeric chromatin. In several eukaryotes, proteins have been identified that interact physically or genetically with CenH3s and are required for their centromeric targeting. These include histone binding protein RbAp48/Mis16 in D.
melanogaster (FURUYAMA et al. 2006) and S. pombe (HAYASHI et al. 2004) , the Myb domain-containing protein KNL2 in C. elegans (MADDOX et al. 2007) , the related Mis18 protein complex in humans (FUJITA et al. 2007) , and the NASP-(N1/N2)-related protein Sim3 in S. pombe (DUNLEAVY et al. 2007) . Recently, HJURP in humans has been shown to be required for CENP-A deposition (DUNLEAVY et al. 2009; FOLTZ et al. 2009 ). Interestingly, HJURP appears to be a distant homolog of the budding and fission yeast Scm3 protein (SANCHEZ-PULIDO et al. 2009 ), a CENP-A binding protein required for CenH3 localization and kinetochore function MIZUGUCHI et al. 2007; PIDOUX et al. 2009; STOLER et al. 2007; WILLIAMS et al. 2009 ).
In addition to centromere-targeting proteins, specific CenH3 localization is also regulated by proteolysis. For example, in budding yeast and Drosophila, ubiquitin-mediated proteolysis is responsible for removing any CenH3 molecules not localized to the centromere (COLLINS et al. 2004; MORENO-MORENO et al. 2006) . To understand this centromeric-specific protection from degradation, we and others have studied mutants that misregulate the normal localization pattern of Cse4 (AU et al. 2008; COLLINS et al. 2007; COLLINS et al. 2004; CROTTI and BASRAI 2004; SHARP et al. 2002) .
This study investigates the extra-centromeric deposition of Cse4 observed in the absence of histone H3/H4 deposition proteins. We show that extracentromeric Cse4 was not sufficient to recruit the kinetochore protein Mif2.
Moderate increases in Cse4 protein stability were observed in the absence of CAF-1 and/or HIR proteins. However, cytological and microarray-based detection of Cse4 mislocaliation was only observed in the absence of both complexes, indicating that moderate Cse4 stabilization alone (as seen in the single mutants)
is insufficient for Cse4 mislocalization. Additionally, thermal inactivation of RNA polymerase II modestly increased Cse4 half-life, suggesting that eviction of mislocalized Cse4 molecules partially occurs in a transcription-dependent manner. Finally, genomic analyses of Cse4 localization and H3/H4 turnover in chromatin assembly mutants suggest that altered histone eviction may contribute to aberrant localization of Cse4 when multiple pathways for histone H3/H4 deposition are compromised.
MATERIALS AND METHODS

Yeast Strains and Plasmids:
All yeast strains used in this study (Table 1) are isogenic with W303 (THOMAS and ROTHSTEIN 1989) . All gene deletions used in this study were previously described (SHARP et al. 2002) . Construction of the NDC10-GFP integrated allele and pCSE4-HA plasmids were described previously (MELUH et al. 1998; ZENG et al. 1999) . The pCSE4-GFP plasmid was a gift from M. Fitzgerald-Hayes (CHEN et al. 2000) and the pGAL1-CSE4-myc12 integrating construct (pSB245) was obtained from S. Biggins (COLLINS et al.
2004).
Immunoblotting: Detection of Cse4-Myc in alkaline lysates of cells (KUSHNIROV 2000) was performed with the 9E10 anti-Myc monoclonal antibody (Santa Cruz).
PCNA was detected using a rabbit polyclonal antibody (DAGANZO et al. 2003) at 1:10,000 dilution. Histone H3 was detected using a rabbit polyclonal antibody (Abcam) at 1:2000 dilution.
Chromosome Spreads: Chromosome spreads of yeast strains were processed as previously described (SHARP et al. 2002) . Cultures were grown to an optical density (600nm) of 1 in yeast extract-peptone-2% dextrose media (YPD) for cells expressing Cse4-HA or in YP + 2% galactose for cells expressing GAL1-driven Cse4-myc. Cse4 detection was performed using a polyclonal anti-HA antibody (Clontech) or the 9E11 anti-myc antibody (Delta Biolabs) at 0.02 μg/ml. The rabbit anti-Mif2 antibody was a generous gift from P. Meluh and used at a dilution of 1:750. Secondary antibodies were Cy3-coupled anti-rabbit IgG (Jackson Labs) or FITC anti-mouse IgG at 1 μg/ml. Counterstaining was performed with DAPI at 1 μg/ml.
For chromosome spreads of cells expressing GAL1-CSE4-myc12, yeast cells were grown in YP + 2% galactose until mid log phase. The cells were then washed and resuspended in with YP + 5% glucose for continued growth at 30ºC.
At each time point, a sample of growing culture was removed and added to ice cold 7.5 mM Tris-Cl pH 7.5, 0.01% sodium azide. After mixing, cells were harvested and processed for chromosome spreads and immunoflourescence as previously described (LOIDL et al. 1998; SHARP et al. 2002) .
Chromatin Association: Yeast strains were grown to mid-log phase in rich yeast extract-peptone (YP) + 2% raffinose. Cultures were centrifuged and resuspended into YP + 2% galactose media to induce GAL promoter-driven CSE4-myc12 expression. After 3 hours, the cells were centrifuged and transferred into 200 ml YP + 2% dextrose media containing 400 μ M cycloheximide to simultaneously repress CSE4-myc12 transcription and inhibit protein translation. At 0, 30, 60, and 120 minutes after shut-off, 50 ml samples were collected into 1% sodium azide and centrifuged at 4°C for 5 minutes at 1,500 rcf. Pellets were frozen in liquid nitrogen and stored at -80°C until processing.
Cultures were grown at 30°C except those comparing the rpb1-1 temperature sensitive strain to wild-type. These were grown at 23°C in YP + raffinose, then transferred to prewarmed, 37°C YPD + 400 μ M cycloheximide for the dextrose/cycloheximide shut-off.
Cell pellets were processed for chromatin association as previously described (DONOVAN et al. 1997; LIANG and STILLMAN 1997) . Briefly, cells were washed with water and resuspended into 1.5 ml 10 mM DTT, 100 mM PIPES, pH 9.6 and incubated at 30°C for 30 minutes. Cells were centrifuged at 1,500 rcf and resuspended with 2 ml spheroplast buffer (0.6 M sorbitol, 50 mM KPO 4 , pH 7.5) with 0.5 mM PMSF (phenylmethylsulfonyl fluoride). Cell wall digestion was performed with 80 μ g/ ml T20 zymolyase (Seikagaku Corp.) at room temperature. Digestion was monitored by reading A 600 of cells diluted in 1% SDS and allowed to proceed until A 600 reached 10% of the starting material. Spheroplasts were placed on ice and centrifuged for 10 minutes at 4°C, 1,500 rcf. The pellets were gently resuspended into 1 ml lysis buffer (0.4 M sorbitol, 150 mM KOAc, 3 mM MgAc) with protease inhibitors (0.5 mM PMSF, 1 μg ml -1 aprotinin, 0.16 mg ml localizes not only to the centromere but also to non-centromeric chromatin (SHARP et al. 2002) . This had previously been detected via "chromosome spreads", during which cells are lysed onto glass slides, allowing for analysis of the spread chromatin by indirect immunofluorescence (LOIDL et al. 1998) . In budding yeast, centromeres cluster and appear as one or two foci per nucleus (GUACCI et al. 1997) . In wild-type cells, Cse4 therefore appears in one or two centromeric foci in each nucleus (MELUH et al. 1998) . In contrast, in cac1Δ hir1Δ double mutants, Cse4 is dispersed throughout chromatin (SHARP et al. 2002) .
Cells containing single cac1Δ or hir1Δ mutations do not display this phenotype (SHARP et al. 2002) .
The previously-reported chromatin spread experiments could not distinguish whether Cse4 first becomes mislocalized in vivo or only after the harsh cell lysis and fixation steps inherent to the chromosome spread protocol.
Therefore, we examined the localization of a Cse4-GFP fusion protein in live cells to avoid artifacts due to lysis and fixation. We observed that Cse4-GFP localized to 1 or 2 small, discrete foci in > 90% of wild-type cells, indicative of proper centromere localization ( Figure 1A ). This was also true for cac1Δ and hir1Δ single mutant cells (data not shown), consistent with results with lysed, fixed cells (SHARP et al. 2002) . However, approximately 50% of nuclei in cac1Δ hir1Δ double mutants displayed a larger, more dispersed area of Cse4-GFP, overlapping much of the DAPI-stained nuclei. These data indicate that Cse4 mislocalization indeed occurs in live cac1Δ hir1Δ cells. Additionally, the chromatin immunoprecipitation studies discussed below support this conclusion (Figure 6 ).
Extracentromeric Cse4 does not recruit kinetochore protein Mif2: In human
and Drosophila cells, extra-centromeric deposition of CenH3 can be achieved by overexpression of the protein (HEUN et al. 2006; TOMONAGA et al. 2003; VAN HOOSER et al. 2001) . When CenH3 is localized to non-centromeric chromatin under these conditions, it is able to recruit inner kinetochore proteins (HEUN et al.
2006
; VAN HOOSER et al. 2001 ) and form ectopic kinetochores in some cases, even in the absence of centromere-specific DNA (HEUN et al. 2006) . In particular, in these metazoan cells, CENP-A is able to recruit the essential kinetochore protein CENP-C to DNA. Because ectopic kinetochores could contribute to the chromosome loss and non-disjunction observed in cac1Δ hir1Δ
cells (SHARP et al. 2002; , we examined the localization of Mif2, the CENP-C homologue in budding yeast (MELUH and KOSHLAND 1995) ; Figure 1B ). In chromatin from wild-type cells, Mif2
and Cse4-HA colocalized in >90% of cells at centromere clusters observed as one or two foci per nuclei. However, in cac1Δ hir1Δ mutants, Cse4 was dispersed throughout the chromatin, but Mif2 remained confined to one or two foci per nuclei. Quantitative analysis of three experiments showed that the percentage of cells with Mif2 in 1-2 foci was not significantly different in wild-type or cac1Δ hir1Δ cells ( Figure 1B ). Therefore, we favor the idea that the increased chromosome loss and non-disjunction observed in cac1Δ hir1Δ cells (SHARP et al. 2002; results from centromeric chromatin defects rather than titration of kinetochore components, although mis-localization of kinetochore proteins other than Mif2 has not been ruled out in these studies. Because similar differences were observed in both the single mutants that do not display Cse4 mislocalization and the cac1Δ hir1Δ cells that do, these data suggest that a moderate increase in Cse4 protein stability is insufficient to explain mislocalization in cac1Δ hir1Δ cells.
Protein stability of
In wild-type cells, Cse4 localized to euchromatin is degraded, but Cse4
associated with centromeres appears to be protected from proteolysis (COLLINS et al. 2004) . To address whether the centromeric and euchromatic pools of Cse4 are degraded differently in chromatin assembly mutants, we performed chromosome spreads to analyze the localization of Cse4-myc during a timecourse after transcriptional repression, comparing wild-type and cac1Δ hir1Δ cells (Figure 3) . In wild-type cells, the large Cse4 pool resulting from GAL1-driven overexpression was initially associated with non-centromeric chromatin, as evidenced by the enlarged Cse4 foci relative to the Mif2 foci in many nuclei.
However, this pool of Cse4 appeared to be rapidly degraded because within one to two hours of transcriptional repression, Cse4-myc remained only at the centromeres, overlapping the Mif2 foci. In cac1Δ hir1Δ mutants, Cse4-myc localized throughout the chromatin in almost all nuclei. However, the noncentromeric Cse4 was degraded relatively rapidly in almost all nuclei, whereas the centromeric Cse4 was largely protected from proteolysis, similar to the wildtype cells. These results show that euchromatin-associated Cse4 is degraded more readily than centromeric Cse4 even in cac1Δ hir1Δ cells. Together with the protein stability measurements (Figure 2) , these results lead us to conclude that Cse4 proteolysis in cac1Δ hir1Δ cells is largely normal at non-centromeric loci.
Effect of RNA polymerase II inactivation on Cse4 half-life: Exchange of histones H3 and H4 into and out of chromatin is mediated by histone chaperones (KAPLAN et al. 2008; PARK and LUGER 2008; RUFIANGE et al. 2007; SCHWABISH and STRUHL 2006) . Histone H3/H4 exchange also often occurs with the passage of RNA polymerase II at high transcription rates, although histone exchange events apparently unrelated to RNA polymerase movement are also common at many loci (DION et al. 2007; JAMAI et al. 2009; RUFIANGE et al. 2007 ). We hypothesized that ongoing transcription might also affect the half-life of the centromeric histone, Cse4. To test this, we monitored the rate of degradation of Cse4-myc in both wild-type yeast and yeast harboring a temperature sensitive allele of RNA polymerase II, rbp1-1. Cells were first grown at the permissive temperature in galactose to induce overexpression of CSE4-myc, and then transferred to glucose media containing cycloheximide at the non-permissive temperature to repress simultaneously GAL-driven CSE4 expression, global RNA pol II transcription, and protein translation. We observed that the stability of Cse4-MYC was modestly increased in rbp1-1 cells, both at early ( Figure 4A ) and later time points ( Figure 4B ). Cell fractionation detected Cse4 stabilization in the rbp1-1 cells in whole cell extracts and in chromatin pellet fractions, although the differences from wild-type levels were greater in the former. These data suggest that nucleosome disruption related to RNA pol II transcription contributes to the eviction of Cse4 molecules misdeposited at non-centromeric loci, at least in wildtype cells. The relationship between histone turnover and Cse4 localization is explored in more detail below.
Genome-scale analysis of histone turnover in chromatin assembly mutants: Because the CAF-1 and HIR complexes are both involved in chromatin assembly, we hypothesized that altered histone dynamics would be observed in cac1Δ hir1Δ double mutant cells. To test this, we compared the extent of replication-independent FLAG-H3 incorporation (JAMAI et al. 2009; RUFIANGE et al. 2007; SCHERMER et al. 2005; DION et al. 2007 ) in wild-type, cac1Δ, hir1Δ and cac1Δ hir1Δ cells arrested in G1, after 90 minutes of pGAL-driven transcriptional induction of the tagged histone ( Figure 5 ). Several aspects of the data were striking. First, cac1Δ, hir1Δ and cac1Δ hir1Δ cells all displayed reduced FLAG-H3 incorporation relative to wild-type cells, demonstrating among other things a replication-independent role for CAF-1 in histone dynamics (Figures 5A-C) .
Second, H3 turnover slows to a greater extent in the hir1Δ cells than in the cac1Δ cells ( Figure 5B) . Similar results were observed at t=45 min (not shown). We therefore conclude that both CAF-1 and HIR complexes accelerate the rate of histone H3 incorporation in vivo, although it is important to note that in this assay we cannot distinguish between effects on new histone deposition and effects on old histone eviction.
Since cac1Δ hir1Δ double mutants exhibit pronounced Cse4 mislocalization that is not seen in either single mutant (SHARP et al. 2002) , we compared defects in H3 turnover in the cac1Δ hir1Δ double mutant to the hir1Δ single mutant to determine whether any loci were specifically affected only in cac1Δ hir1Δ cells (Figure 5D ). In the absence of Hir1, further loss of Cac1 caused relatively uniform effects on turnover rates across the genome, with an average ~25% reduction in FLAG-H3 incorporation ( Figure 5D) . Importantly, the good correlation between cac1Δ hir1Δ and hir1Δ data indicates that there are no genomic loci (over the 4% of the genome interrogated) for which Cac1 and Hir1 play fully redundant roles in turnover, as this would manifest as points off the diagonal in Figure 5D .
Genome-scale analysis of Cse4 localization in wild-type and mutant cells:
To determine the genomic location of the mislocalized Cse4, we performed mononucleosome-resolution chromatin immunoprecipitation experiments ( Figure   6 ). These were analyzed on arrays designed to interrogate nucleosomes across all of chromosome III as well as selected promoter regions throughout the genome (YUAN et al. 2005) . In wild-type, cac1Δ, and hir1Δ yeast, Cse4 was most strongly localized at CEN3, as expected, although as previously described (LEFRANCOIS et al. 2009; CAMAHORT et al. 2009 ) some minor sites of Cse4 localization could be observed even in wild-type yeast, such as tRNA genes ( Figure 6A and analysis not shown). In stark contrast, Cse4 was extensively mislocalized at loci other than CEN in cac1Δ hir1Δ double mutants, extending our low-resolution chromosome spread results to single-nucleosome resolution.
Because Cse4 is highly enriched at a small number of genomic loci in wild-type, extensive mislocalization should manifest as a decrease in the dynamic range of microarray signals. Indeed, we observed a specific decrease in dynamic range in Cse4 localization in cac1Δ hir1Δ cells, but not in either single mutant ( Figure   6B ). Since Cse4 is maintained at CEN sequences in cac1Δ hir1Δ cells (SHARP et al. 2002) , we therefore conclude that Cse4 appears at a larger number of extracentromeric loci in cac1Δ hir1Δ cells.
Where does Cse4 mislocalize in cac1Δ hir1Δ double mutants? Because of the role of histone exchange factors in Cse4 mislocalization, we compared the location of Cse4 incorporation relative to our histone turnover data. We specifically examined classes of nucleosomes at different positions relative to genes ( Figure 6C ). For example, previous analyses had shown that promoter nucleosomes and the +1 and -1 nucleosomes flanking transcriptional start sites tend to be rapidly exchanging in wild-type cells (DION et al. 2007) , and these exchange more slowly in cac1Δ hir1Δ cells ( Figure 5C) . Notably, the +1 and -1 nucleosomes also acquire higher levels of Cse4 in cac1Δ hir1Δ cells than in wt cells. However, Cse4 does not uniformly relocalize to genomic loci where turnover slows in the cac1Δ hir1Δ mutant. Specifically, nucleosomes associated with coding regions did not become associated with Cse4 despite very low H3/H4 exchange rates ( Figure 6C) . Therefore, different mechanisms may regulate Cse4 eviction at different locations, with chaperone-mediated turnover predominating as a Cse4 eviction mechanism at promoters.
DISCUSSION
The role of histone chaperones in CenH3 regulation: CAF-1 is believed to be largely responsible for replication-coupled histone H3/H4 deposition, while the HIR complex is responsible for replication-independent H3/H4 deposition (GREEN et al. 2005; TAGAMI et al. 2004) . Previously, defective localization of the centromeric histone variant, Cse4, was observed in cac1Δ hir1Δ double mutants, but not in single cac1Δ or hir1Δ mutants (SHARP et al. 2002) . Therefore, Cse4 mislocalization occurs in cells in which both replication-coupled and replicationindependent H3/H4 deposition have been compromised. Additionally, proper stoichiometry between Cse4 and histone H3 is important for the localization and function of Cse4 (AU et al. 2008) . Together, these studies suggested that the disruption of normal histone deposition may promote extra-centromeric deposition of Cse4, or prevents its removal from chromatin, or both.
A landmark discovery was that extra-centromeric deposition of Cse4 is observed when degradation of the protein is compromised, suggesting that there may not be a specific mechanism for targeted deposition of Cse4 at centromeres (COLLINS et al. 2004) . Instead, the observed enrichment of Cse4 at centromeres appears to result from protection of CEN-deposited Cse4 from proteolysis.
Therefore, although deposition per se seemed not be a regulated event, we sought to understand why histone chaperones are required for the normal localization of Cse4.
Cse4 Protein Stability:
In previous work (COLLINS et al. 2004; CROTTI and BASRAI 2004) , overexpression of CSE4 in wild-type budding yeast did not cause mislocalization of the protein. In contrast, in higher eukaryotes, over-production of CenH3 (termed CENP-A in mammals and CID in flies) is sufficient to cause mislocalization of the protein (HEUN et al. 2006; TOMONAGA et al. 2003; VAN HOOSER et al. 2001) . Therefore, in budding yeast a major contributor to the normal CenH3 localization is a proteolytic surveillance mechanism that degrades Cse4 molecules not shielded by centromeric chromatin. Although this type of mechanism has also been observed in flies (MORENO-MORENO et al. 2006 ), it appears to be especially important in budding yeast.
Given that mutations in chromatin assembly factors and mutations which
inhibit Cse4 proteolysis show similar extra-centromeric localization of the protein, we speculated that Cse4 might be stabilized in the absence of functional CAF-1 and HIR complex. However, the rates of proteolysis of Cse4-MYC were similar in both single and double mutant backgrounds, indicating that the extracentromeric deposition of Cse4 in these mutants is not solely due to increased protein stabililty. Our immunofluorescence data also suggest that the euchromatin-associated Cse4 is not protected from proteolysis even in the mutant cells, suggesting that the main difference between strains is the steadystate levels of Cse4 in chromatin rather than Cse4 half-life. These data suggested that altered levels of histone turnover, rather than altered Cse4 protein stability, may contribute to the observed phenotypes.
Kinetochore protein recruitment: We tested whether the ectopic sites of Cse4 in chromatin assembly mutants are able to recruit other kinetochore proteins by analyzing the localization of Mif2, the CENP-C homolog (MELUH and KOSHLAND 1995) . In cac1Δ hir1Δ cells, Mif2 is not recruited to the mislocalized Cse4 ( Figure   1B ). This result differs from what is observed in flies and mammals, where other kinetochore proteins are recruited to the sites of extra-centromeric CenH3 deposition (HEUN et al. 2006; TOMONAGA et al. 2003; VAN HOOSER et al. 2001 We hypothesize that the different observations in different species may reflect the special nature of the budding yeast point centromere, which is specified not only by the association of CenH3 with the CDEII region, but also by the essential site-specific CBFIII complex which is required for formation of pericentric chromatin loops (ANDERSON et al. 2009 ).
The effect of histone chaperones on histone turnover: We show here that the CAF-1 and HIR histone chaperones both affect the rate of replicationindependent histone H3 incorporation in vivo. In particular, hir1Δ mutants display a nearly two-fold reduction in turnover rates of slowly exchanging nucleosomes (Figure 5) , which are particularly enriched over genic coding regions (DION et al. 2007) . These data are consistent with previous studies that implicate the yeast HIR complex in histone exchange during transcriptional elongation (FORMOSA et al. 2002) , and for suppression of cryptic transcription from within ORFs (CHEUNG et al. 2008) . The effects of a cac1Δ deletion are less pronounced and more uniform than a hir1Δ deletion, additionally reducing turnover in cells lacking the HIR complex by approximately 25% across the genome ( Figure 5D ). This is consistent with CAF-1 having roles not only in genome-wide deposition during S phase (SMITH and STILLMAN 1989; TAGAMI et al. 2004) , but also in locus-specific histone replacement outside of S phase (ENOMOTO and BERMAN 1998) . Together, these data further illustrate the different roles for the CAF-1 and HIR complexes in chromosome biology.
What regions of the genome are particularly susceptible to excessive accumulation of extracentromeric Cse4? In wild-type cells, prior studies have described extracentromeric Cse4 at ribosomal protein genes (LEFRANCOIS et al. 2009 ), tRNA genes (CAMAHORT et al. 2009) , and other loci known to exhibit high rates of histone turnover (DION et al. 2007) . Consistent with this observation, we observe relatively high levels of extracentromic Cse4 at "hot" loci such as promoter nucleosomes ( Figure 6C) . Interestingly, at these genomic loci, reduced histone exchange in cac1Δ hir1Δ cells correlates with increased Cse4 association ( Figure 6C ), suggesting that Cse4 is normally incorporated at some frequency at promoter nucleosomes, and it is decreased eviction at promoters in the cac1Δ hir1Δ mutant that results in increased Cse4 association.
However, this simple mechanism cannot explain changes at all loci. For example, coding region nucleosomes are slowly exchanged both in wt and cac1Δ hir1Δ cells, yet they are not particularly enriched for Cse4 in either strain.
Decreased histone replacement at coding regions in the double mutant also does not result in increased Cse4 binding, consistent with the possibility that Cse4 eviction mechanisms differ at promoters and coding regions. Since the rate of degradation of Cse4 increases somewhat in the absence of on-going transcription by RNA polymerase II (Figure 4) , we therefore propose that RNA polymerase plays a role in Cse4 eviction over coding regions, whereas histone chaperones play the major role in Cse4 eviction at promoters. In this manner, non-CEN deposited Cse4 molecules may serve as useful probes of the complex events that exchange histones throughout the genome. All strains are isogenic with the W303 (THOMAS and ROTHSTEIN 1989) background and are leu2-3, 112; ura3-1; his3-11,15; trp1-1; ade2-1; can1- 
